In this study the relation between flow and the difference of the pressures on the two sides of stenosis with sharp edges is investigated for constant and pulsatile flows. The applicability of the theory of Gorlin and Gorlin is complicated by a kind of hysteresis phenomenon in the case of pulsatile flows.
A TTEMFTS have been made to calcuf^L late the dimensions of anatomical -L A . lesions from the pressures found from catheterizations. This applies among others to a stenosis. In this case, the area of the constriction is calculated from the pressure difference on the two sides of the stenosis and the flow through it.
In this paper the relation between flow and pressure difference is studied both for constant and pulsatile flow.
CONSTANT FLOW THROUGH A STENOSIS
Gorlin and Gorlin 1 gave a formula for a constant flow only. They calculate the mean pressures both proximal and distal of a stenosis from the pressure curves found by catheterization. The mean flow through the stenosis is found by Fick's method for the estimation of cardiac output. The mean values must be calculated only during the time that blood flow is not zero.
To calculate the area of the stenosis Gorlin and Gorlin give the formula in the following form (figure 1):
where F t = area of the stenosis in cm.
2 ; iflow in cm.
3 sec." 1 ; p 0 = pressure proximal to the stenosis in dyne omr 1 ; p 2 = pressure distal to the stenosis in dyne cm." 2 ; po -pi -pressure difference across the stenosis in dyne cm.~!; and C = constant of the dimension cm.' Gm.~*. This formula can be derived from Bernoulli's law for the special case of a constant flow and negligible influence of the viscosity.
where pi = pressure in the stenosis in dyne cm.~2; p = density in Gm. cm." 1 ; and v = velocity of the particles along a streamline in cm. sec."
1 . By derivation, Eodrigo 2 found a formula of the following form
where C = a dimensionless constant.
In his derivation it is assumed that the tube has the same diameter proximal and distal of the stenosis. From the same derivation it follows that, in the special case when these diameters are equal, the following formula for the constant C holds:
where a = is a positive dimensionless constant not larger than one, which is called the coefficient of orifice contraction; and Fo = cross sectional area of the tube.
So, C appears to be explicitly dependent on the contraction coefficient a and on the ratio Fi/F 0 . Moreover, a is dependent on the ratio 
However, the formula for C is still incomplete for the following reasons:
1. With a special constriction (hence a special ratio of F^/F^) C is also dependent on the velocity of flow (i.e., on the value of the Reynolds' number, Re). For large velocities of flow (Re larger than 10 6 to 10 8 ) C approaches a constant number following from formula (3). In the case of a smaller Re, the value of C is about five per cent larger.
2. The form and the length of the constriction have a large influence on the value of a and therefore on that of C.
For the validity of formula (2) the following two conditions must be satisfied:
1. It is necessary that the straight tube length of the vessel proximal to the constriction be 10 to 40 times the diameter of the vessel, depending on the ratio Fi/F a (from 0.2 to 0.6). The necessary straight length distal to the constriction amounts to five times the diameter of the vessel, independent of the ratio FJF 0 .
2. In the case of constant flow the pressure close to the constriction must be lower than at some distance from the constriction.
The relation between form and length has been investigated for a constant flow through a circular diaphragm with an opening 0.8 cm. in diameter and sharp edges. This diaphragm was put into a tube 2 cm. in diameter. The length of the constriction amounted to 0.2, 1.0 and 2.0 cm. respectively. It appeared that a increased as the length of the constriction increased from 0.67 to 0.84. With the same pressure difference, the longer it is, the more liquid flows through the constriction. It is clear that the contraction of the jet decreases with increasing thickness of the diaphragm ( figure 2 A, B and C) .
If the length of the constriction is very long, e.g., 30 cm, the flow is considerably less with the same pressure difference. The large length of the constriction obstructs the stream of liquid and the effect of the increase of a is nullified, and formula (2) is not applicable. Also a deviates somewhat from formula (4), which holds good only when there is a dilatation immediately behind the constriction.
The following formula' is preferable a = 0.63 + 0.37 (FJF")'
In the long constriction there is laminar or turbulent flow. In the first case the pressure difference (po -Pi) is proportional to the flow i (Hagen-Poiseuille), in the latter to i 7/4 (Blasius). With formula (2) applying to a short constriction we get for the pressure difference for laminar flow in the constriction
and for turbulent flow in the constriction Po -P2 = a? + ci v *.
• (6) where a, b and c are constants for a definite tube and constriction. Experiments with two tubes, 30 cm. in length and 0.28 cm. in diameter (in which in most cases there is laminar flow) and 0.8 cm. respectively, gave the results represented in figure 3A and B. For a sloping profile with the narrowest diameter 0.8 cm, the value of C was found to be L2, in accord with a = 1.0 ( figure 2D) .
PUUSATILE FLOW THROUGH A CONSTRICTION
In order to investigate pulsatile flows, a pump was constructed which gave a flow consisting of two added flows: a constant and a sinusoidal (figure 4).
The piston rod A is moved to and fro by a circular disk B mounted excentrically on a shaft C, and driven by a motor.
At any moment the flow can be found from the pressure difference across a linear resistance consisting of 40 plancparallel plates separated from each other by a distance of 0.04 cm. Between the plates the flow is not turbulent but laminar. The pressure difference can be measured over a distance of 6.2 cm.
Experiments were carried out with water in glass tubes. The diaphragm had a thickness of 0.2 cm. and a circular opening of 1.0 cm. The relation between the flow through the constriction and the pressure difference showetl a kind of "hysteresis" phenomenon. 4 AVith the same flow the pressure difference depended on the phase of pulsation (figures 5 and 6).
Qualitatively this can be explained because the turbulence of the liquid will increase with increasing flow. As some time is required to reach the turbulence characteristic of a certain flow, there will be a lag as the flow is increased, causing the liquid to be less turbulent with a given pulsatile flow than with a constant flow.
For this reason, the difference of the pressures at both sides of the constriction will be larger in the case of a pulsatile flow. With decreasing flow the reverse will take place.
The phenomenon can be explained qualitatively by Bernoulli's Law, for it follows that, for a stream tube and a nonstationary flow, ?£dx .{7) at in the case of a constant flow dvjdl = 0 giving formula (1) .
So a correction term p I dv x /dt dx enters, in which the derivative of the velocity v x appears.
Suppose that the velocity of flow has the following form:
the correction term has the form km cos wl (8) in which A; is a constant dependent on the form of the streamtube. With increasing flow, sin ut is increasing, so cos wt is positive. Since the correction is then negative according to formula (8), the pressure difference in the case of increasing flow is lower than in the case of a constant flow, in agreement with the experiments. Furthermore, the deviation of the pressure difference, according to that calculated with formula (8) must be proportional to w (the frequency of the pulsation). This also is in accord with the experiments (figure 7). SUMMAUY Apparently Gorlin and Gorlin 1 for the first time investigated the relation between flow and pressure difference for a constriction in human heart valves. However, they applied their theoretical considerations on constant, flow to the blood flow which is pulsatile.
We investigated the applicability of this theory to cases of pulsatile flow. For this purpose an apparatus was constructed for measuring the relation between the flow through a constriction with sharp edges and the difference of the pressures on the two sides of it when the flow was constant and pulsatile. In the case of pulsatile flow a kind of hysteresis phenomenon was found that did not occur with constant flow.
It appeared that the pressure difference is not determined by the value of the flow at a certain instant, but also on the way this flow has varied before. The maximum deviation between the relation holding good for constant flow and that found for pulsatile flow depends on the frequency.
These measurements form the introduction to finding an analogous relation for constrictions found in human vessels and valves. SUMMARIO IN INTERLINGUA II pare que Gorlin e Gorlin 1 esseva le primes qui investigava le relation inter fluxo e differentia de pression in casos de constriction de valvulas cardiac human. Sed le considerationes theoric de Gorlin e Gorlin concerneva fluxos constante, ben que le fluxo sanguinee (al qual illes los applicava) es pulsatil in consequentia del action periodic del corde.
Le objectivo de nostre studio esseva investigar le applicabilitate de ille considerationes theoric a casos de fluxo pulsatil. Con iste proposito nos construeva un apparato pro le mesu ration del relation inter (1) le fluxo de fluidos a transverso un constriction con angulos acute a (2) le differentia del pression al duo Jateres del constriction quando le fluxo esseva constante e quando le fluxo esseva pulsatil.
In le caso de fluxo pulsatil nos observava un specie de phenomeno de hysterese que non occurreva in le caso de fluxo constante.
II pare que le differentia de pression es determinate non solmente per le valor del fluxo a un certe momento sed etiam per le maniera del variation del fluxo ante ille momento. Le deviation maximal del relation valide pro fluxo constante ab le relation constatate pro fluxo pulsatil depende del frequentia.
Iste mesurationes representa un introduction al problema de traciar relationes analoge in le caso de constrictiones in vasos e valvulas human.
